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B a c t e r i a l  a n d  N i t r a t e  C o n t a m i n a t i o n  o f  W e l l  W a t e r  i n  N o r t h e a s t  I o w a  
J .  L .  T J O S T E M ,  J .  Y O U N G ,  C .  H O I L I E N ,  a n d  R .  E L S O N  I V E R S 0 N
1  
T J O S T E M , J .  L . , J .  Y O U N G , C .  H O I L I E N , A N D R .  E L S O N I V E R S O N  
( L u t h e r  C o l l e g e ,  D e c o r a h ,  I a . )  B a c t e r i a l  a n d  N i t r a t e  C o n t a m i n a t i o n  o f  W e l l  
W a t e r  i n  N o r t h e a s t  I o w a .  P r o c .  I o w a  A c a d .  S c i .  8 4  ( I ) :  1 4 - 2 2 ,  1 9 7 7 .  
T w o  h u n d r e d  w e l l s  i n  t h e  n o r t h e a s t e r n  I o w a  c o u n t i e s  o f  W i n n e s h i e k  a n d  A l -
l a m a k e e  w e r e  a n a l y z e d  f o r  n i t r a t e  c o n c e n t r a t i o n  a n d  c o l i f o r m  b a c t e r i a .  T h e  
d e g r e e  o f  w e l l  w a t e r  c o n t a m i n a t i o n  w a s  f o u n d  t o  c o r r e l a t e  w i t h  a q u i f e r  t a p p e d ,  
t y p e  o f  w e l l  c o n s t r u c t i o n ,  a n d  p r o x i m i t y  t o  b a r n y a r d s .  W e l l s  w h i c h  t e r m i n a t e d  
i n  t h e  G a l e n a  L i m e s t o n e  a q u i f e r  u s u a l l y  s h o w e d  e v i d e n c e s  o f  s u r f a c e  p o l l u t i o n .  
D e e p e r  w e l l s  w h i c h  t e r m i n a t e d  i n  S t .  P e t e r  S a n d s t o n e  w e r e  f o u n d  t o  p r o d u c e  
c o n s i s t e n t l y  g o o d  w a t e r  w h e n  c a s e d  i n t o  t h e  s a n d s t o n e .  H o w e v e r ,  t h e  w a t e r  
q u a l i t y  f r o m  a  g r o u p  o f  S t .  P e t e r  S a n d s t o n e  w e l l s  i n  w h i c h  t h e  o v e r l y i n g  
l i m e s t o n e  w a s  n o t  c a s e d  o u t  w a s  n o t  b e t t e r  t h a n  t h a t  i n  t h e  G a l e n a  w e l l s .  N i t r a t e s  
a n d  c o l i f o r m  b a c t e r i a  w e r e  t e s t e d  p e r i o d i c a l l y  d u r i n g  t h e  c a l e n d a r  y e a r  1 9 7 3  a n d  
s u m m e r  1 9 7 4 ,  i n  a  g r o u p  o f  s e v e n  w e l l s .  T h e  w a t e r  i n  t h e  t w o  d e e p l y  c a s e d  w e l l s  
f r o m  t h i s  g r o u p  c o n s i s t e n t l y  t e s t e d  s a f e  f o r  d r i n k i n g .  T h e  o t h e r  f i v e  w e l l s  i n  
w h i c h  t h e  o v e r l y i n g  l i m e s t o n e  w a s  n o t  c a s e d  o u t  s h o w e d  f l u c t u a t i n g  n i t r a t e  
U n s a n i t a r y  a n d  n i t r a t e  c o n t a m i n a t e d  w e l l s  c o n s t i t u t e  a  h e a l t h  h a z a r d  
t o  h u m a n s ,  a n  e c o n o m i c  l i a b i l i t y  t o  f a r m e r s  a n d  a  t h r e a t  t o  t h e  v a s t  
g r o u n d  w a t e r  r e s o u r c e  o f  o u r  s t a t e .  T h e  n e e d  t o  p r o t e c t  a n d  m a n a g e  o u r  
g r o u n d  w a t e r  h a s  b e e n  p r e v i o u s l y  v o i c e d .  H e r s h e y  (  1 9 7 0 )  s t r e s s e d  t h e  
n e e d  f o r  m o r e  c h e m i c a l  a n a l y s i s  o f  g r o u n d  w a t e r ,  b e t t e r  w e l l  
c o n s t r u c t i o n ,  m o r e  t e s t  d r i l l i n g  a n d  a  m o r e  p r e c i s e  g e o l o g i c  s t u d y  o f  t h e  
g r o u n d  w a t e r  r e s e r v o i r  l o c a t i o n s .  M a c k  ( I  9 7 1 )  h a s  c o m p i l e d  a  
s u m m a r y  o f  l i t e r a t u r e  c o n c e r n i n g  t h e  i m p o r t a n c e  o f  g r o u n d  w a t e r  
m a n a g e m e n t .  T h e  P r e s i d e n t i a l  A d v i s o r y  C o m m i t t e e  o n  w a t e r  r e s o u r c e s  
p o l i c y  r e c o m m e n d e d  t h a t  r e g u l a t i o n s  r e l a t i n g  t o  g r o u n d  w a t e r  b e  a  
m a t t e r  o f  s t a t e  c o n c e r n .  T h e  c o m m i t t e e  s u g g e s t e d  t h a t  t h e  s t a t e  g i v e  
s e r i o u s  c o n s i d e r a t i o n  t o  t h e  e n a c t m e n t  o f  a p p r o p r i a t e  l e g i s l a t i o n  
r e g a r d i n g  o w n e r s h i p ,  r i g h t  t o  u s e ,  p u r p o s e  o f  u s e ,  a n d  p l a c e  o f  u s e  o f  
g r o u n d  w a t e r .  L e w i c k e  (  1 9 7 2 )  u r g e d  t h e  a d o p t i o n  o f  a  n a t i o n a l  g r o u n d  
w a t e r  p o l i c y .  
I n  r e c e n t  y e a r s  w a t e r  m a n a g e m e n t  h a s  b e e n  m a i n l y  d i r e c t e d  t o w a r d  
s u r f a c e  w a t e r ;  h o w e v e r ,  t o  n e g l e c t  t h e  m a n a g e m e n t  o f  o u r  g r o u n d  w a t e r  
i s  t o  r u n  t h e  r i s k  o f  c r e a t i n g  a  h e a l t h  h a z a r d  f o r  g e n e r a t i o n s  t o  c o m e .  I f  
g r o u n d  w a t e r  n i t r a t e  c o n c e n t r a t i o n s  a r e  h i g h e r  t h a n  5 0 m g /  I  ,  a  p o t e n t i a l  
h e a l t h  h a z a r d  e x i s t s  f o r  d o m e s t i c  a n i m a l s  a n d  h u m a n  i n f a n t s  ( U . S .  
P u b l i c  H e a l t h  S e r v i c e ,  1 9 6 2 ) .  N i t r a t e  i s  r e d u c e d  b y  i n t e s t i n a l  b a c t e r i a  
t o  f o r m  n i t r i t e  a n d  w h e n  c o m b i n e d  w i t h  o x y h e m o g l o b i n ,  t h e  b l o o d  
f o r m s  m e t h e m o g l o b i n .  T h i s  g l o b i n  d e c r e a s e s  t h e  o x y g e n  c a r r y i n g  
c a p a c i t y  o f  t h e  b l o o d  a n d  m a y  p r o d u c e  t h e  s y n d r o m e  k n o w n  a s  
m e t h e m o g l o b i n e m i a  r e s u l t i n g  i n  a s p h y x i a  a n d  p o s s i b l e  d e a t h .  F o r  t h i s  
r e a s o n  t h e  P u b l i c  H e a l t h  S e r v i c e  S t a n d a r d s  s u g g e s t  t h a t  a  l i m i t  o f  4 5  
m g / I  n i t r a t e  s h o u l d  n o t  b e  e x c e e d e d  f o r  d r i n k i n g  w a t e r .  N u m e r o u s  
i n s t a n c e s  d u e  t o  n i t r a t e  t o x i c i t y  f r o m  w e l l  w a t e r  a r e  r e p o r t e d  ( B o s c h ,  e t  
a l . ,  1 9 5 0 ;  C a r l s o n ,  e t  a l . ,  1 9 7 0 ;  C o m l y ,  1 9 4 5 ;  D o n a h u e ,  1 9 4 9 ;  
G e l p e r i n ,  e t .  a l . ,  1 9 7 1 ) .  
P a r t i c u l a r  c o n c e r n  f o r  t h e  p o l l u t i o n  i n  g r o u n d  w a t e r  w a s  a r o u s e d  i n  
S e p t e m b e r  o f  1 9 7 2  i n  W i n n e s h i e k  C o u n t y .  O n  S e p t .  2 5  a n d  2 6 ,  a  t o t a l  
o f  6 . 8  i n c h e s  o f  r a i n  w a s  r e c o r d e d  a t  t h e  D e c o r a h  r a d i o  s t a t i o n .  
C o m p l a i n t s  o f  " m u d d y  w e l l  w a t e r "  w e r e  v o i c e d  b y  m a n y  a r e a  
r e s i d e n t s  d u r i n g  t h e  w e e k  t h a t  f o l l o w e d .  A  c h e c k  o f  s e v e r a l  w e l l s  
s h o w i n g  s i l t  i n  t h e  w a t e r  i n d i c a t e d  e x t r e m e l y  h i g h  c o u n t s  o f  c o l i f o r m  
b a c t e r i a .  T h e  m u r k i n e s s  b u t  n o t  t h e  b a c t e r i a  i n  t h e  w a t e r  o f  a f f e c t e d  
' L u t h e r  C o l l e g e ,  D e c o r a h ,  I o w a  
l e v e l s  I  0 - t o  2 0 0 - f o l d  g r e a t e r  t h a n  t h e  d e e p l y  c a s e d  w e l l s  a n d  e x h i b i t e d  
i n t e r m i t t a n t  c o l i f o r m  c o n t a m i n a t i o n .  T h e s e  d a t a  a r e  i n t e r p r e t e d  a s  e v i d e n c e  t h a t  
s u r f a c e  c o n t a m i n a t i o n  e n t e r s  t h e  f r a c t u r e d  a n d  c a v e r n o u s  G a l e n a  L i m e s t o n e  a n d  
i s  d r a w n  i n t o  w e l l s  i n  r e s p o n s e  t o  p u m p i n g .  T h i s  c o n d i t i o n  a l s o  o c c u r s  i n  d e e p e r  
w e l l s  f i n i s h e d  i n  t h e  S t .  P e t e r  S a n d s t o n e  i n  w h i c h  t h e  G a l e n a  i n t e r v a l  i s  l e f t  
u n c a s e d .  I t  i n d i c a t e s  t h a t  w h e n  t h e  w e l l s  a r e  i d l e  t h e  w a t e r  f r o m  t h e  G a l e n a ,  
h a v i n g  a  h i g h e r  s t a t i c  h e a d  t h a n  t h e  w a t e r  f r o m  t h e  S t .  P e t e r ,  p r o b a b l y  m o v e s  
d o w n - h o l e  i n t o  t h e  S t .  P e t e r  a n d  c o n t a m i n a t e s  t h e  s a n d s t o n e  i n  t h a t  v i c i n i t y .  
T h i s  s t u d y  s u p p o r t s  a  r e c o m m e n d a t i o n  t h a t  n e w  w e l l s  d r i l l e d  t h r o u g h  t h e  u p p e r  
c a v e r n o u s  l i m e s t o n e  t o  d e e p e r  a q u i f e r s  s h o u l d  b e  c a s e d  f r o m  t h e  s u r f a c e  i n t o  t h e  
t o p  o f  t h e  S t .  P e t e r  S a n d s t o n e  w i t h  t h e  p i p e  g r o u t e d  i n  p l a c e  w i t h  c e m e n t  f o r  i t s  
f u l l  l e n g t h .  T h i s  w i l l  p r o t e c t  t h e  s a n d s t o n e  f r o m  c o n t a m i n a t i o n  a n d  i n s u r e  h i g h  
q u a l i t y  w e l l  w a t e r .  O l d  w e l l s  e x t e n d i n g  t o  t h e  S t .  P e t e r  S a n d s t o n e  t h a t  a r e  t o  b e  
a b a n d o n e d  s h o u l d  b e  p r o p e r l y  p l u g g e d .  
I N D E X  D E S C R I P T O R S :  G r o u n d w a t e r  c o n t a m i n a t i o n ;  W e l l  w a t e r  c o n t a m i n a -
t i o n .  
w e l l s  c l e a r e d  u p  w i t h i n  o n e  w e e k .  W e  s u p e r  c h l o r i n a t e d  o n e  
c o n t a m i n a t e d  w e l l  w i t h  t w o  g a l l o n s  o f  H i l e x  a n d  t e s t e d  d a i l y  f o r  
c o l i f o r m  b a c t e r i a  t h e r e a f t e r  u n t i l  t h e  c o l i f o r m  b a c t e r i a  r e t u r n e d .  
C o l i f o r m  b a c t e r i a  r e a p p e a r e d  i n  t h e  w e l l  w a t e r  o n  t h e  f o u r t h  d a y .  T h i s  
w e l l  w a s  t e s t e d  r e p e a t e d l y  f o r  t h e  p r e s e n c e  o f  c o l i f o r m  b a c t e r i a  t h e  
r e m a i n d e r  o f  1 9 7 2 .  E a c h  t e s t  s h o w e d  t h e  p r e s e n c e  o f  c o l i f o r m s  b u t  t h e  
l e v e l  o f  c o n t a m i n a t i o n  s l o w l y  d r o p p e d .  F i n a l l y  i n  M a r c h  o f  1 9 7 3  t h e  
c o l i f o r m  b a c t e r i a  d i s a p p e a r e d  f r o m  t h a t  w e l l .  
T o  u n d e r s t a n d  a n d  t r e a t  w a t e r  s u p p l y  p r o b l e m s  s u c h  a s  t h e s e ,  t h e  
t y p e  a n d  a r r a n g e m e n t  o f  g e o l o g i c a l  f o r m a t i o n s  w h i c h  u n d e r l i e  t h e  a r e a  
m u s t  b e  c o n s i d e r e d .  T h e  g e o l o g i c  h i s t o r y  o f  n o r t h e a s t e r n  I o w a  i n c l u d e d  
t h e  d e p o s i t i o n  o f  n u m e r o u s  s e d i m e n t a r y  r o c k  f o r m a t i o n s  s u c h  a s  
l i m e s t o n e s ,  s a n d s t o n e s ,  a n d  s h a l e s  i n  t h e  m a r i n e  e n v i r o n m e n t s  o f  t h e  
O r d o v i c i a n  a n d  C a m b r i a n  p e r i o d s .  Y o u n g e r  s e d i m e n t s  w e r e  d e p o s i t e d  
o n  t o p  o f  t h e s e  u n i t s  b u t  w e r e  l a t e r  e r o d e d  a w a y  l e a v i n g  t h e  O r d o v i c i a n  
a n d  C a m b r i a n  s t r a t a  a s  t h e  b e d r o c k  o v e r  m o s t  o f  t h i s  a r e a .  T h e  t h i c k  
m a n t l e  o f  P l e i s t o c e n e  g l a c i a l  c l a y  w h i c h  c o v e r s  m o s t  o f  I o w a  i s  t h i n  t o  
p r a c t i c a l l y  a b s e n t  i n  t h e  " D r i f t l e s s  A r e a "  o f  A l l a m a k e e  a n d  e a s t e r n  
W i n n e s h i e k  c o u n t i e s .  T h u s  i n  m u c h  o f  t h i s  a r e a  t h e  b e d r o c k  i s  
u n p r o t e c t e d  e x c e p t  f o r  a  t h i n  c o v e r  o f  s o i l  a n d  g e e s t .  
T h e  s e d i m e n t a r y  r o c k s  a r e  i d e a l  g r o u n d w a t e r  r e s e r v o i r s  b e c a u s e  o f  
t h e  p e r m e a b i l i t y  o f  t h e  s a n d s t o n e s  a n d  l a r g e  o p e n i n g s  i n  t h e  c r e v i c e d  
a n d  c a v e r n o u s  l i m e s t o n e s  a n d  d o l o s t o n e s .  L a r g e  q u a n t i t i e s  o f  w a t e r  a r e  
h e l d  i n  s t o r a g e  i n  t h e s e  f o r m a t i o n s .  S h a l e ,  w h i c h  i s  d e n s e  a n d  i n s o l u b l e  
i n  g r o u n d  w a t e r ,  s e r v e s  a s  a n  a q u i t a r d ,  c o n f i n i n g  t h e  m o v e m e n t  o f  
w a t e r  i n  t h e  m o r e  p o r o u s  a q u i f e r s .  T h e  c l o s e l y  p a c k e d  s a n d  g r a i n s  i n  t h e  
s a n d s t o n e s  h a v e  a  n a t u r a l  f i l t e r i n g  e f f e c t  t o  r e m o v e  m i n u t e  p a r t i c u l a t e  
m a t t e r  f r o m  t h e  w a t e r  b u t  t h e  c a r b o n a t e  f o r m a t i o n s  d o  n o t  p o s s e s s  t h i s  
c h a r a c t e r i s t i c s  a n d  t h e  w a t e r  i n  t h e m  i s  e a s i l y  c o n t a m i n a t e d  b y  s u r f a c e  
i n f i l t r a t i o n .  L i m e s t o n e  c o n s i s t s  m a i n l y  o f  c a l c i u m  c a r b o n a t e  a n d  i s  
s o l u b l e  i n  g r o u n d  w a t e r  c o n t a i n i n g  c a r b o n  d i o x i d e  i n  s o l u t i o n .  
D o l o m i t e ,  a  c a l c i u m  m a g n e s i u m  c a r b o n a t e  i s  a l s o  s o l u b l e  i n  g r o u n d  
w a t e r  b u t  t o  a  l e s s e r  e x t e n t  t h a n  l i m e s t o n e .  W a t e r  i n  t h e s e  r o c k s  i s  
s t o r e d  m a i n l y  i n  s o l u t i o n  c a v i t i e s  w h i c h  f o r m  a l o n g  b e d d i n g  p l a n e s  a n d  
i n  v e r t i c a l  f r a c t u r e s  c o n n e c t i n g  t h e  c a v i t i e s .  A n  e x c e l l e n t  e x a m p l e  o f  
s u c h  a  s o l u t i o n  s y s t e m  i s  C o l d  W a t e r  C a v e  i n  W i n n e s h i e k  C o u n t y .  
I t  i s  r e a d i l y  s e e n  i n  t r a v e r s i n g  s u c h  a  c a v e  t h a t  t h e r e  i s  n o  e f f e c t i v e  
f i l t r a t i o n  o f  w a t e r  i n  s o l u b l e  l i m e s t o n e .  T h e  c a v e  a l s o  s e r v e s  t o  i l l u s t r a t e  
t h e  d i s t a n c e  t h a t  c o n t a m i n a t e d  w a t e r  c a n  m o v e  t h r o u g h  l i m e s t o n e  
a q u i f e r s .  T h e  s i n k h o l e s  o f  N o r t h e a s t  I o w a  a r e  a l s o  e v i d e n c e  t h a t  
1
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CONTAMINATION OF WELL WATER 15 
caverns have developed near the ground surface. Crevices and solution 
channels of varying sizes have been encountered by well drillers in 
northeastern Iowa wells that penetrate the limestone and dolomite 
formations. 
M ETHODS 
In order to compare types of well construction , the drilling logs of 
three well drilling firms were exami ned. Fifty wells which passed 
through one or both limestone layers and terminated in the St. Peter 
Sandstone were selected as a study representative of deep wells . We 
divided the group into 25 wells with steel casing through the Galena 
Limestone into the St. Peter aquifer, and 25 wells cased only to the top 
of the Galena Limestone. 
A group of 50 wells representing the shallow wells which terminated 
in the Galena Limestone were compared with the former group of 50 St. 
Peter wells . Since the Galena well s were older, drilling logs were 
seldom complete or avai lable. 
Information was collected on the history of the water quality, age and 
depth of well, type of construction, and proximity to probable source of 
pollution . The surface elevation at the site of the well head was obtained 
with an al timeter. Elevation data was used in the interpretation of 
drilling logs. Data secured by interview with the owner or user of each 
well were tabulated. 
Each water sample was collected in a new sterile 6 oz. bottle . Each 
sample collection was taken from a flame sterili zed faucet which had 
been run for three minutes prior to sample collection . 
The concentration of nitrate in water samples was determined by the 
phenoldisulfonic acid method in accordance with the Standard Methods 
for Examination of Water and Waste Water (American Public Health 
Association , l 97 1 ). 
The number of total coliform fecal coliform and fecal streptococci 
bacteri a were determined by the membrane filter technique and 
cultured as described in Standard Methods using Millipore and Gelman 
filter ,membranes . 
Fecal coli form and fecal streptococc i were also determined by the 
membrane filter technique in wells which tested high in total coliform . 
A characterization for the presence of Salmonella was carried out on 
water samples from badly polluted wells . Samples of varying size from 
JOO ml to 10 liters were collected on membrane filters. Enrichment was 
accomplished on tetrathionate . Brilliant green and XLD agar plates 
were streaked from the tetrathionate enrichment broth. Suspect 
colonies on the agar plates were innoculated into BHI broth for use in 
the innoculation of the Inolex multi-test system . 
RESULTS 
The Role of Aquifer and Casing in Well Water Quality 
Figure I , which is included as an aid to the interpretation of the data, 
depicts the movement of contaminated water through limestone and 
dolomite formations . Contamination of a sandstone aquifer by a well 
which is not cased through the limestone is also shown. The sources of 
contamination illustrated include: a sinkhole, a sewer system leaching 
pit , and a barnyard . The well at the right in the figure is cased to the 
sandstone and shown to be free of contamination . 
Table I summarizes nitrate and coliform data collected on l 00 wells 
which enter or pass through Galena Limestone in Winneshiek County . 
These data illustrate the differences in water quality of the St. Peter 
Sandstone and the Galena Limestone . These data also illustrate that 
well s which are drilled through the Galena Limestone into the 
underlying sandstone must be cased through the limestone if water free 
from surface contamination is to be obtained . Nitrate values for the 
group of25 wells cased through limestone to sandstone (first column in 
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Figure I. Movement of contaminated water through limestone and 
dolomite. 
Table I) averaged less than 2 mg/ I and 22 of the group of 25 wells 
showed no coliform bacteria. The remaining three contained I , 2 , and 3 
coli form/ I 00 ml respectively. Since only a single test was made on each 
well , the possibility cannot be excluded that this slight contamination 
may have been introduced during sampling. The group of 25 wells 
which also terminated in the St. Peter Sandstone but differed from the 
former in that they were not cased through the limestone aquifer 
contained an average nitrate concentration of 28 .9 mg/ I . This value is 
15 times higher than that fo r the group of wells cased through the 
I imestone. Also 15 of the 25 well s in this latter group were 
contaminated with coliform bacte ria . Eight wells of thi s group 
contained more than 8 coliforms/ 100 ml. The third group of wells 
summarized in Table I terminate in Galena Limestone . The average 
nitrate concentration for this group was 23 .9 mg/I ; 32 wells , or 64 per 
cent , contained coliform bacteria . 
Table I . A comparison of nitrate and coliform bacterial contamination of the 
Galena limestone aquifer with that of the St . Peter Sandstone aquifer . 
Contamination introduced into the St . Peter Sandstone through in-
adequately cased wells is also illustrated. 
Number of wells sampled 
Range of well depths in feet 
Average depth in feet 
Range of nitrate (NOa) con-
centration in mg/ I . 
Average nitrate (NOa) con-
centration in mg/ I. 
Number of wells contam-
inated with I or more 
coliforms/100ml . 
Number of wells contam-
inated with 8 or more 
coliforms/100 ml . 
Wells terminating Wells terminating Wells 
in St. Peter Sand- in St. Peter Sand- terminating 
stone, (Galena stone, (Galena in 
Limestone Limestone Galena 
cased out) not cased out) Limestone 
25 25 50 
230-560 230-407 20-170 
355 306 100 
0.7-12 
I. 7 
3 
0 
0.9-140 
28 .9 
15 
8 
0.3- 154 
23 .9 
32 
21 
Ten wells which terminated in the Root Valley or Oneota Formations 
were tested . Observe the geologic strata in Figure I for location of Root 
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V a l l e y  a n d  O n e o t a  F o r m a t i o n s  i n  r e l a t i o n s h i p  t o  t h e  o t h e r  r o c k  u n i t s .  
T h e  n i t r a t e  v a l u e s  f o r  t h i s  g r o u p  r a n g e d  f r o m  1 0  t o  6 0  m g / I  a n d  t h e  
a v e r a g e  w a s  2 1  m g / I .  F i v e  o f  t h e  I O  w e l l s  c o n t a i n e d  c o l i f o r m  b a c t e r i a .  
F o u r  w e l l s  w h i c h  t e r m i n a t e d  i n  t h e  J o r d a n  S a n d s t o n e  w e r e  t e s t e d .  T h e  
n i t r a t e  c o n c e n t r a t i o n  i n  a l l  f o u r  w e l l s  w a s  f o u n d  t o  b e  7 .  5  m g /  I  .  T h i s  
v a l u e  i s  h i g h e r  t h a n  t h a t  f o r  t h e  g r o u p  o f  w e l l s  c a s e d  t o  S t .  P e t e r  
S a n d s t o n e .  I n c r e a s e d  n i t r a t e  i s  c a u s e d  b y  c o n t a m i n a t i o n .  N o t e  t h a t  i n  
F i g u r e  I  t h e  J o r d a n  a q u i f e r  w e l l  i s  n o t  p r o t e c t e d  b y  a n  o v e r l y i n g  s h a l e  a s  
a r e  m o s t  S t .  P e t e r  w e l l s .  T h u s  n i t r a t e  f r o m  s u r f a c e  p o l l u t i o n  e v e n t u a l l y  
c o u l d  w o r k  d o w n  t o  t h e  J o r d a n  t h r o u g h  t h e  P r a i r i e  d u  C h e i n  e s p e c i a l l y  
i f  t h e  w e l l  w a s  p u m p e d  h e a v i l y .  T h e  f o u r  J o r d a n  w e l l s  w e r e  f o u n d  t o  b e  
f r e e  f r o m  c o l i f o r m  c o n t a m i n a t i o n .  
T h e  n i t r a t e  c o n c e n t r a t i o n  a n d  c o l i f o r m  c o n t a m i n a t i o n  w a s  t e s t e d  i n  
1 4 7  w e l l s  i n  W i n n e s h i e k  C o u n t y .  W i t h  r e s p e c t  t o  n i t r a t e  c o n c e n t r a t i o n ,  
1 5  w e l l s  o r  I  0 . 2 %  e x c e e d e d  t h e  4 5  m g /  I  l i m i t .  F o u r  o f  t h e  w e l l s  f o u n d  
t o  b e  h i g h  i n  n i t r a t e ,  o r  2 . 7 %  o f  t h e  t o t a l  1 4 7 ,  w e r e  a l s o  c o n t a m i n a t e d  
w i t h  c o l i f o r m  b a c t e r i a .  T h e r e f o r e ,  2 . 7 %  o f  t h e  w e l l s  t e s t e d  
u n s a t i s f a c t o r y  w i t h  r e s p e c t  t o  b o t h  n i t r a t e  c o n c e n t r a t i o n  a n d  c o l i f o r m  
b a c t e r i a .  S e v e n t y - f o u r  w e l l s  o r  5 0 . 3 %  o f  t h e  1 4 7  w e r e  f o u n d  t o  c o n t a i n  
c o l i f o r m  b a c t e r i a .  T h i r t y - f o u r  o f  2 3 . 1  %  o f  t h e  1 4 7  c o n t a i n e d  a  l e v e l  o f  
c o n t a m i n a t i o n  g r e a t e r  t h a n  8  c o l i f o r m s / 1 0 0  m l .  A l t o g e t h e r  8 5  o f  1 4 7  
w e l l s  t e s t e d  ( 5 7 .  8 % )  w e r e  f o u n d  t o  b e  u n s a t i s f a c t o r y  e i t h e r  w i t h  r e s p e c t  
t o  n i t r a t e  c o n c e n t r a t i o n ,  c o l i f o r m  b a c t e r i a ,  o r  b o t h .  S i n c e  r a n d o m  
s e l e c t i o n  w a s  n o t  u s e d  i n  c h o o s i n g  w e l l s  f o r  t h i s  s t u d y  t h e s e  d a t a  a r e  n o t  
i n t e n d e d  a s  a n  a c c u r a t e  a s s e s s m e n t  o f  t h e  n u m b e r  o f  p o l l u t e d  w e l l s  i n  
W i n n e s h i e k  C o u n t y .  
F i f t y  t h r e e  w e l l s  i n  A l l a m a k e e  C o u n t y  d i s p l a y e d  a  s i m i l a r  p i c t u r e .  
S e v e n  w e l l s  o r  1 3  . 2 %  e x c e e d e d  t h e  4 5  m g /  I  l i m i t  f o r  n i t r a t e .  A l l  s e v e n  
w e l l s  f o u n d  t o  b e  h i g h  i n  n i t r a t e  w e r e  a l s o  f o u n d  t o  b e  c o n t a m i n a t e d  
w i t h  c o l i f o r m  b a c t e r i a .  T w e n t y  e i g h t  o r  5 2 . 8 %  o f  t h e  w e l l s  t e s t e d  i n  
A l l a m a k e e  c o u n t y  w e r e  f o u n d  t o  c o n t a i n  c o l i f o r m  b a c t e r i a .  T h i r t e e n  o r  
2 4 . 5 %  c o n t a i n e d  a  l e v e l  o f  c o n t a m i n a t i o n  g r e a t e r  t h a n  8  c o l i f o r r n / 1 0 0  
m i s .  
f  
T h e  s e l e c t i o n  o f  s t u d y  w e l l s  w a s  m a d e  b y  i d e n t i f y i n g  d e e p l y  c a s e d  
w e l l s  f r o m  w e l l  d r i l l e r s  l o g s .  F o r  p u r p o s e s  o f  c o m p a r i n g  t y p e s  o f  w e l l  
c o n s t r u c t i o n  t h e  d e e p l y  c a s e d  w e l l s  a n d  n e a r b y  u n c a s e d  w e l l s  w e r e  
s a m p l e d .  P r i o r  t o  1 9 6 5 ,  w e l l s  w e r e  s e l d o r n l y  c a s e d  d e e p l y .  T h e r e f o r e  
o u r  s t u d y  w e l l s  t e n d  t o  c l u s t e r  i n  l o c a l i t i e s  w h e r e  p o o r  q u a l i t y  w a t e r  h a d  
r e c e n t l y  n e c e s s i t a t e d  t h e  d r i l l i n g  o f  a  n e w  w e l l .  F o r  t h i s  r e a s o n  a  
r a n d o m  s a m p l i n g  w o u l d  p r o b a b l y  s h o w  a  l o w e r  p e r c e n t a g e  o f  p o l l u t e d  
w e l l s .  
C o n t a m i n a t i o n  i n  S p r i n g s  
A  t o t a l  o f  n i n e  s p r i n g s  w e r e  t e s t e d  f o r  n i t r a t e  a n d  c o l i f o r m  b a c t e r i a .  
S e v e n  w e r e  f r o m  t h e  G a l e n a ;  I  a r o s e  f r o m  t h e  S t .  P e t e r  S a n d s t o n e  a n d  I  
f r o m  t h e  J o r d a n  S a n d s t o n e .  T h e  n i t r a t e  c o n c e n t r a t i o n  i n  t h e  s e v e n  
s p r i n g s  a r i s i n g  f r o m  t h e  G a l e n a  L i m e s t o n e  r a n g e d  f r o m  5  t o  3 0  m g / I ,  
t h e  a v e r a g e  b e i n g  1 6  m g /  I .  A l l  s e v e n  s p r i n g s  w e r e  g r o s s l y  
c o n t a m i n a t e d  w i t h  c o l i f o r m  b a c t e r i a .  T h e  S t .  P e t e r  s p r i n g  h a d  6  m g / I  
n i t r a t e  a n d  I  c o l i f o r m / 1 0 0  m l  w a s  d e t e c t e d .  T h e  J o r d a n  s p r i n g  
c o n t a i n e d  a  n i t r a t e  c o n c e n t r a t i o n  o f  7  . 5  m g / I .  N o  c o l i f o r m  b a c t e r i a  
w e r e  d e t e c t e d .  
F l u c t u a t i o n s  i n  W e l l  W a t e r  C o n t a m i n a t i o n  T h r o u g h  T i m e  
T h e  f l u c t u a t i o n s  i n  l e v e l s  o f  c o n t a m i n a t i o n  t h r o u g h  t i m e  a r e  
d e s c r i b e d  f o r  a  g r o u p  o f  s e v e n  w e l l s  i n  F i g u r e s  2  a n d  3 .  S i x  o f  t h e s e  
w e l l s  w e r e  d r i l l e d  t h r o u g h  t h e  G a l e n a  L i m e s t o n e  a q u i f e r  i n t o  t h e  S t .  
P e t e r  S a n d s t o n e .  T h e y  w e r e  c o n s t r u c t e d  b e t w e e n  1 9 6 4  a n d  1 9 7 0 .  O n l y  
w e l l  n u m b e r  4  w a s  d r i l l e d  p r i o r  t o  1 9 6 4 .  I t  w a s  i n c l u d e d  i n  o u r  s t u d y  a s  
a n  e x a m p l e  o f  a n  o l d e r  t y p e  w e l l  t e r m i n a t i n g  i n  t h e  u p p e r  l i m e s t o n e .  
W e l l  n u m b e r  4  i s  b e l i e v e d  t o  h a v e  b e e n  d r i l l e d  t o  i t s  p r e s e n t  d e p t h  o f  
2 0 0  f e e t  i n  1 9 3 5 .  T h e  t w o  w e l l s  n u m b e r e d  I  a n d  2  i n  t h i s  g r o u p  a r e  
c a s e d  a n d  w e l l  n u m b e r  2  a l s o  h a s  t h e  a n n u l a r  s p a c e  b e t w e e n  t h e  w a l l  o f  
t h e  w e l l  a n d  t h e  c a s i n g  g r o u t e d  w i t h  c o n c r e t e .  
T h e  s t r i k i n g  c o n t r a s t  b e t w e e n  t h e  d e e p l y  c a s e d  w e l l s  a n d  t h o s e  n o t  
c a s e d  t h r o u g h  l i m e s t o n e  i s  a g a i n  e v i d e n t .  I t  s h o u l d  a l s o  b e  n o t e d  t h a t  
t h e  t w o  w e l l s  l o c a t e d  n e a r  b a r n y a r d s  ( n u m b e r s  3  a n d  4 )  h a v e  t h e  h i g h e s t  
l e v e l s  o f  n i t r a t e .  B o t h  e x c e e d e d  t h e  U n i t e d  S t a t e s  P u b l i c  H e a l t h  S e r v i c e  
m a x i m u m  f o r  d r i n k i n g  w a t e r .  T h e  r e m a i n i n g  t h r e e  w e l l s  ( n u m b e r s  5 ,  6 ,  
a n d  7 )  s e r v e d  s u b u r b a n  r e s i d e n t s .  T h e  n i t r a t e  c o n c e n t r a t i o n s  i n  t h e s e  
w e l l s  f l u c t u a t e d  f r o m  8  t o  5 0  m g /  I  .  F i g u r e  4  s h o w s  t h e  d i s t a n c e s  
b e t w e e n  f i v e  o f  t h e  w e l l s  a n d  f r o m  s o u r c e s  o f  p o l l u t i o n .  W e l l  n u m b e r s  
2  a n d  4  a r e  n o t  s h o w n  i n  F i g u r e  4 .  W e l l  n u m b e r  2  s e r v e s  s u b u r b a n  
r e s i d e n t s  a n d  i s  n o t  n e a r  a  b a r n y a r d .  W e l l  n u m b e r  4  i s  l o c a t e d  7 5  f e e t  
f r o m  a  b a r n y a r d .  C o l i f o r m  c o n t a m i n a t i o n  o f  t h e  s e v e n  w e l l s  i s  
d e s c r i b e d  i n  F i g u r e  3 .  W e l l s  5 ,  6 ,  a n d  7  s h o w e d  s i l t  i n  t h e  w a t e r  
f o l l o w i n g  e x t r e m e l y  h e a v y  r a i n s  i n  S e p t e m b e r  o f  1 9 7 2 .  H i g h  c o l i f o r m  
c o u n t s  a c c o m p a n i e d  t h e  s i l t .  T h e ·  r e s i d e n t s  s e r v e d  b y  w e l l  n u m b e r  6  
r e p o r t e d  m u d d y  w a t e r  o n  s e v e r a l  o c c a s i o n s  f o l l o w i n g  r a i n s  d u r i n g  t h e  
y e a r  a n d  a  h a l f  t h a t  w e  m o n i t o r e d  t h e  w e l l .  A  s h a r p  i n c r e a s e  i n  c o l i f o r m  
c o n t a m i n a t i o n  a l w a y s  a c c o m p a n i e d  t h e  m u d d y  w a t e r .  T h e  f l u c t u a t i o n s  
o f  u p  t o  5  f o l d  i n  n i t r a t e  l e v e l s  a n d  t h e  e x t r e m e  c h a n g e s  i n  t h e  n u m b e r  o f  
c o l i f o r m  b a c t e r i a  o b s e r v e d  i n  t h i s  g r o u p  o f  w e l l s  p o i n t  u p  t h e  
l i m i t a t i o n s  o f  a  s i n g l e  w a t e r  t e s t .  A  w e l l  m a y  t e s t  s a f e  f o r  b o t h  n i t r a t e  
a n d  b a c t e r i a  a t  o n e  d a t e  a n d  a t  a n o t h e r  d a t e  t e s t  u n s a f e  i n  o n e  o r  b o t h  
c a t e g o r i e s .  
W e l l  W a t e r  N i t r a t e s  C o r r e l a t e  w i t h  P r o x i m i t y  t o  B a r n y a r d  
A  c o r r e l a t i o n  o f  n i t r a t e  c o n c e n t r a t i o n  t o  p r o x i m i t y  t o  b a r n y a r d  w a s  
f o u n d  i n  a  g r o u p  o f 3 3  w e l l s  ( F i g .  5 ) .  W e l l s  l o c a t e d  n e a r  b a r n y a r d s  t e n d  
t o  s h o w  g r e a t e r  c o n c e n t r a t i o n s  o f  n i t r a t e s  t h a n  w e l l s  l o c a t e d  g r e a t e r  
d i s t a n c e s  a w a y .  T h e  c o r r e l a t i o n  w a s  f o u n d  t o  b e  s i g n i f i c a n t  a t  t h e  9 5 %  
c o n f i d e n c e  l e v e l .  
A  C h a r a c t e r i z a t i o n  o f  E n t e r i c  B a c t e r i a  i n  W e l l  W a t e r  
F e c a l  c o l i f o r m  a n d  f e c a l  s t r e p t o c o c c i  l e v e l s  w e r e  d e t e r m i n e d  i n  
w a t e r  s a m p l e s  f r o m  1 5  w e l l s  w h i c h  t e s t e d  h i g h  i n  t o t a l  c o l i f o r m  
b a c t e r i a .  A  r a t i o  o f  4  a n d  a b o v e  f e c a l  c o l i f o r m  d i v i d e d  b y  f e c a l  
s t r e p t o c o c c i  i s  c o n s i d e r e d  t o  i n d i c a t e  h u m a n  r a t h e r  t h a n  a n i m a l  
p o l l u t i o n .  O n l y  t w o  w e l l s  o f  t h e  1 5  i n d i c a t e d  h u m a n  p o l l u t i o n .  I n  b o t h  
i n s t a n c e s  t h e  w e l l s  w e r e  l o c a t e d  w i t h i n  5 0  f e e t  o f  a  s e p t i c  t a n k  
d r a i n f i e l d .  A l l  o t h e r  w e l l s  i n  t h e  g r o u p  w e r e  7 5  f e e t  o r  m o r e  f r o m  a  
d o m e s t i c  s e w e r  s y s t e m .  O n e  o f  t h e  t w o  w e l l s  s h o w i n g  a  F C / F S  r a t i o  
g r e a t e r  t h a n  4  w a s  s a m p l e d  f o u r  t i m e s  a t  w e e k  i n t e r v a l s .  T w o  s a m p l e s  
h a d  r a t i o s  g r e a t e r  t h a n  4  i n d i c a t i n g  t h a t  t h e  p o l l u t i o n  w a s  p r e d o m i n a n t l y  
o f  h u m a n  o r i g i n  a n d  t w o  s a m p l e s  h a d  r a t i o s  b e t w e e n  I  a n d  4  i n d i c a t i n g  
t h a t  t h e  p o l l u t i o n  w a s  o f  m i x e d  o r i g i n .  
B i o c h e m i c a l  c h a r a c t e r i z a t i o n s  o f  i s o l a t e s  f r o m  e i g h t  p o l l u t e d  w e l l s  
w e r e  m a d e .  T h e  r e s u l t s  o f  t h e s e  p a r t i a l  c h a r a c t e r i z a t i o n s  a r e  s h o w n  i n  
T a b l e  3 .  T h e  i s o l a t e s  w e r e  o b t a i n e d  f r o m  b r i l l i a n t  g r e e n  a n d  X L D  a g a r  
p l a t e s  f o l l o w i n g  e n r i c h m e n t  o n  t e t r a t h i o n a t e  b r o t h .  T h e  I n o l e x  
m u l t i - t e s t  s y s t e m  w a s  e m p l o y e d  i n  t h i s  c h a r a c t e r i z a t i o n .  
D I S C U S S I O N  
T h e  C a s e  f o r  C a s i n g  D e e p  W e l l s  
T h e  d a t a  p r e s e n t e d  h e r e  c l e a r l y  d e m o n s t r a t e s  t h a t  w e l l s  d r i l l e d  i n t o  
F i g u r e  2 .  F l u c t u a t i o n s  i n  n i t r a t e  c o n c e n t r a t i o n s  i n  7  w e l l s .  W e l l s  
n u m b e r e d  I  a n d  2  a r e  l o c a t e d  i n  s u b u r b a n  r e s i d e n t i a l  a r e a  a n d  a r e  
d e e p l y  c a s e d .  W e l l s  n u m b e r e d  3  a n d  4  a r e  l o c a t e d  n e a r  b a r n y a r d s  a n d  
a r e  u n c a s e d  t h r o u g h  l i m e s t o n e .  W e l l s  n u m b e r e d  5 ,  6 ,  &  7  a r e  l o c a t e d  
i n  a  s u b u r b a n  r e s i d e n t i a l  a r e a  a n d  a r e  u n c a s e d  t h r o u g h  l i m e s t o n e .  A l l  
w e l l s  e x c e p t  n u m b e r  4  t e r m i n a t e  i n  S t .  P e t e r  S a n d s t o n e .  
3
T j o s t e m  e t  a l . :  B a c t e r i a l  a n d  N i t r a t e  C o n t a m i n a t i o n  o f  W e l l  W a t e r  i n  N o r t h e a s t  I o
P u b l i s h e d  b y  U N I  S c h o l a r W o r k s ,  1 9 7 7
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T a b l e  2 .  G e o l o g i c  D a t a  o n  t h e  S e v e n  S t u d y  W e l l s  
W e l l  Y e a r  
N o .  D r i l l e d  
E l e v a t i o n  a t  W e l l  T o t a l  d e p t h  
H e a d  i n  f e e t  
i n  f e e t  
E l e v a t i o n  a t  b o t t o m  
o f  w e l l  i n  f e e t  
T o t a l  a m o u n t  o f  
c a s i n g  i n  f e e t  
D e p t h  a t  t o p  o f  S t .  P e t e r s  
S a n d s t o n e  f r o m  d r i l l i n g  l o g s  
I  
I  
3  
4  
5  
6  
7  
l l  
7  
o -
1 9 7 0  
1 9 6 4  
1 9 6 6  
1 9 3 5  
1 9 6 6  
1 9 6 5  
1 9 6 4  
3 ) 3 '  
1 1 6 5  
1 2 1 0  
1 1 4 8  
1 2 1 0  
1 1 4 5  
1 1 5 0  
1 1 3 5  
N  
6  
- 0 -
t  
J 6 ~ s } a  
'  l l  
. .  
c i  D  
5  
3 6 1 '  
0  W e l l  
0  B o r n  
3 6 5  
3 7 5  
3 1 0  
2 0 0  
3 6 0  
3 6 7  
3 3 0  
A  S i n k h o l e  
I  
- o  
"  D r a i n a g e  f i e l d  
8 0 0  
7 9 0  
8 3 8  
1 0 1 0  
7 8 5  
7 8 3  
8 0 5  
F i g u r e  4 .  l o c a t i o n  o f  5  w e l l s  t e s t e d  p e r i o d i c a l l y  d u r i n g  1 9 7 3  a n d  
s u m m e r  1 9 7 4  r e l a t i v e  t o  p r o b a b l e  s o u r c e s  o f  p o l l u t i o n .  T h e  w e l l s  
s h o w n  a r e  l o c a t e d  i n  t h e  n o r t h e a s t  \ 4  o f  s e c t i o n  9  i n  D e c o r a h  t o w n s h i p ,  
W i n n e s h i e k  C o u n t y .  T h e  s i n k h o l e  l o c a t e d  3 0 0  f e e t  n o r t h  f r o m  w e l l  
n u m b e r  7 ,  w h i c h  i s  a c t i v e  a n d  g r o w i n g ,  f i r s t  a p p e a r e d  i n  1 9 7 0 .  
R u n n i n g  w a t e r  b e n e a t h  t h e  s u r f a c e  o f  g r o u n d  c a n  b e  h e a r d  a t  a  s i t e  2 0 0  
f e e t  s o u t h  o f  w e l l  n u m b e r  7  d u r i n g  a n d  i m m e d i a t e l y  f o l l o w i n g  h e a v y  
r a i n s .  N o t  s h o w n  - w e l l  n u m b e r  2  l o c a t e d  ¥ i  m i l e  n o r t h  o f  w e l l  n u m b e r  
6  i n  t h e  s o u t h e a s t  \ 4  o f  s e c t i o n  4 ,  D e c o r a h  t o w n s h i p  a n d  w e l l  n u m b e r  4  
l o c a t e d  2  m i l e s  n o r t h e a s t  o f  w e l l  n u m b e r  6  i n  t h e  s o u t h e a s t  \ 4  o f  s e c t i o n  
3 5  i n  C a n o e  t o w n s h i p ,  W i n n e s h i e k  C o u n t y .  
s a n d s t o n e  a q u i f e r s  t h r o u g h  o v e r l y i n g  l i m e s t o n e  b e c o m e  p o l l u t e d  w i t h  
s u r f a c e  r u n o f f  u n l e s s  t h e  l i m e s t o n e  u n i t  i s  c a s e d  o f f .  H o w e v e r ,  a  
p r o p e r l y  c o n s t r u c t e d  w e l l  w i l l  p r o v i d e  a n  a b u n d a n t  s u p p l y  o f  g r o u n d  
w a t e r  f r e e  f r o m  c o l i f o r m  b a c t e r i a  a n d  l o w  i n  n i t r a t e  a t  n e a r l y  a n y  
l o c a t i o n  i n  n o r t h e a s t e r n  I o w a .  O n l y  d u r i n g  t h e  p a s t  d e c a d e  h a v e  t h e  
d e e p  s a n d s t o n e  a q u i f e r s  b e e n  e x t e n s i v e l y  t a p p e d  a s  a  s o u r c e  o f  w a t e r  
f o r  f a r m s  a n d  s u b u r b a n  h o m e s .  M a n y  o f  t h e s e  w e l l s  h a v e  n o t  b e e n  
c a s e d .  
U n c a s e d  w e l l s  a c t  a s  s h a f t s  p r o v i d i n g  a v e n u e s  f o r  c o n t a m i n a t i o n  t o  
t r a v e l  r a p i d l y  t o  t h e  d e e p e r  w a t e r  b e a r i n g  f o r m a t i o n s .  F r e q u e n t l y  a  
s h a l e  l a y e r  a s  p i c t u r e d  i n  F i g u r e  6  s e p a r a t e s  a q u i f e r s .  A  w e l l  w h i c h  d o e s  
n o t  c a s e  o u t  o v e r l y i n g  a q u i f e r s  d e s t r o y s  t h e  n a t u r a l  s h a l e  b a r r i e r s  
b e t w e e n  n e a r - s u r f a c e  a q u i f e r s  a n d  t h e  d e e p  a q u i f e r .  C r e v i c e s  a n d  
s o l u t i o n  c h a n n e l s  o f  a l l  s i z e s  h a v e  b e e n  e n c o u n t e r e d  b y  w e l l  d r i l l e r s  i n  
n o r t h e a s t e r n  I o w a .  D u r i n g  o u r  s t u d y  w e  r e c e i v e d  n u m e r o u s  r e p o r t s  o f  
g r o u t  f r o m  a  r e c e n t l y  d r i l l e d  w e l l  a p p e a r i n g  i n  a n  o l d  w e l l  u p  t o  I  0 0  f e e t  
f r o m  t h e  n e w  w e l l .  O n e  r e p o r t  m e n t i o n e d  t h a t  t h e  d e t e r g e n t  u s e d  i n  w e l l  
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F i g u r e  5 .  R e l a t i o n s h i p  o f  n i t r a t e  c o n c e n t r a t i o n  i n  w e l l  w a t e r  t o  
d i s t a n c e  f r o m  b a r n y a r d .  
d r i l l i n g  a p p e a r e d  i n  a  n e i g h b o r i n g  w e l l  a b o u t  1 0 0 0  f e e t  a w a y  s h o r t l y  
a f t e r  t h e  d r i l l i n g  o f  a  n e w  w e l l .  W e  a l s o  h e a r d  r e p o r t s  o f  a  c h l o r i n e  t a s t e  
i n  t h e  w a t e r  o f  w e l l s  n e i g h b o r i n g  a  w e l l  w h i c h  w a s  s u p e r  c h l o r i n a t e d  i n  
a n  a t t e m p t  t o  r i d  i t  o f  c o n t a m i n a t i n g  b a c t e r i a .  
S i n k h o l e s  a r e  d i r e c t  c o n n e c t i o n s  t o  t h e  u n d e r l y i n g  l i m e s t o n e  
a q u i f e r s .  T h e  m o v e m e n t  o f  m a t e r i a l  f r o m  s i n k h o l e s  t h r o u g h  l i m e s t o n e  
w a s  c l e a r l y  d e m o n s t r a t e d  b y  H o i l i e n  (  1 9 6 8 ) .  M a l a c h i t e  g r e e n  d y e  
p l a c e d  i n  a  s i n k h o l e  i n  L u d l o w  T o w n s h i p  o f  A l l a m a k e e  C o u n t y ,  
a p p e a r e d  t e n  d a y s  l a t e r  i n  a  s p r i n g  9  m i l e s  f r o m  t h e  s i n k h o l e .  
P o b l e t e  (  1 9 7 2 )  r e p o r t e d  t h a t  a  g r o u p  o f  8 0  w e l l s  s t u d i e d  i n  1 9 6 0  n e a r  
R o c h e s t e r ,  M i n n e s o t a ,  s h o w e d  s i g n i f i c a n t  a m o u n t s  o f  p o l l u t i o n .  
N e a r l y  \ 4  o f  t h e  s a m p l e s  c o n t a i n e d  m o r e  t h a n  4 5  m g / I  n i t r a t e  a n d  
m e a s u r a b l e  s u r f a c t a n t s  w e r e  d e t e c t e d  i n  n e a r l y  o n e  h a l f  o f  t h e  w e l l s .  
N o n - b i o l o g i c a l l y - d e g r a d e a b l e  d e t e r g e n t s  w e r e  i n  u s e  a t  t h a t  d a t e .  I n  
1 9 7 0 ,  I O  y e a r s  l a t e r ,  P o b l e t e  c o n d u c t e d  a  f o l l o w  u p  s t u d y .  I t  w a s  f o u n d  
F i g u r e  3 .  C o l i f o r m  c o n t a m i n a t i o n  i n  7  w e l l s .  W e l l s  n u m b e r e d  l a n d  2  
a r e  l o c a t e d  i n  s u b u r b a n  r e s i d e n t i a l  a r e a  a n d  a r e  d e e p l y  c a s e d .  W e l l s  
n u m b e r e d  3  a n d  4  a r e  l o c a t e d  n e a r  b a r n y a r d s  a n d  a r e  u n c a s e d  t h r o u g h  
l i m e s t o n e .  W e l l s  n u m b e r e d  5 ,  6 ,  &  7  a r e  l o c a t e d  i n  a  s u b u r b a n  
r e s i d e n t i a l  a r e a  a n d  a r e  u n c a s e d  t h r o u g h  l i m e s t o n e .  A l l  w e l l s  e x c e p t  
w e l l  n u m b e r  4  t e r m i n a t e d  i n  t h e  S t .  P e t e r  S a n d s t o n e .  S a m p l i n g  e v e n t s  
a r e  i n d i c a t e d  b y  t i c k  m a r k s  b e l o w  a b s c i s s a .  
5
T j o s t e m  e t  a l . :  B a c t e r i a l  a n d  N i t r a t e  C o n t a m i n a t i o n  o f  W e l l  W a t e r  i n  N o r t h e a s t  I o
P u b l i s h e d  b y  U N I  S c h o l a r W o r k s ,  1 9 7 7
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T a b l e  3 .  T h e  r e s u l t s  o f  a  c h a r a c t e r i z a t i o n  o f  i s o l a t e s  o f  e n t e r i c  b a c t e r i a  
f r o m  8  w e l l s  b y  t h e  l n o l e x  m u l t i - t e s t  s y s t e m .  
W e l l  N o .  
I  
2  
3  
4  
5  
6  
7  
8  
I s o l a t e s  
E n t e r o b a c t e r  a g g l o m e r a n s  
E n t e r o b a c t e r  a g g l o m e r a n s  
E n t e r o b a c t e r  a g g l o m e r a n s  
E n t e r o b a c t e r  a e r o g e n e s  
S e r r a t i a  l i q u e f a c i e n s  
S e r r a t i a  m a r c e s c e n s  
A r i z o n i a  
E n t e r o b a c t e r  a g g l o m e r a n s  
E n t e r o b a c t e r  a e r o g e n e s  
E n t e r o b a c t e r  a g g l o m e r a n s  
S e r r a t i a  m a r c e s c e n s  
S e r r a t i a  l i q u e f a c i e n s  
P r o v i d e n c i a  s t u a r t i i  
P r o v i d e n c i a  a l c a l i f a c i e n s  
S a l m o n e l l a  
t h a t  t h e  n i t r a t e  c o n c e n t r a t i o n s  h a d  i n c r e a s e d  b y  m o r e  t h a n  I O  p e r  c e n t  i n  
5 5  p e r  c e n t  o f  t h e  w e l l s  a n d  s o m e  w e l l s  s h o w e d  i n c r e a s e s  o f  a s  m u c h  a s  
2 5 0  p e r  c e n t .  T h e  S t .  P e t e r  S a n d s t o n e  h a s  b e e n  l o s t  a s  a n  a c c e p t a b l e  
w a t e r  s u p p l y  i n  s e v e r a l  a r e a s  o f  O l m s t e d  C o u n t y ,  M i n n e s o t a .  P o b l e t e  
c o n c l u d e d  t h a t  t h e  l o s s  o f  t h i s  v a l u a b l e  a q u i f e r  w a s  b r o u g h t  a b o u t  b y  
n u m e r o u s  u n c a s e d  o r  u n s a n i t a r y  w e l l s  w h i c h  d e s t r o y e d  t h e  n a t u r a l  
f i l t r a t i o n  a b i l i t y  t h a t  w o u l d  h a v e  o t h e r w i s e  p r o t e c t e d  t h e  u n d e r l y i n g  S t .  
P e t e r  a q u i f e r .  W i n n e s h i e k  C o u n t y ,  I o w a ,  a n d  O l m s t e d  C o u n t y ,  
M i n n e s o t a ,  r e q u i r e  p e r m i t s  f o r  t h e  d r i l l i n g  o f  a  n e w  w e l l .  B o t h  c o u n t i e s  
e m p l o y  q u i d e l i n e s  f o r  c o n s t r u c t i o n  o f  n e w  w e l l s  a n d  b o t h  c o u n t i e s  
r e q u i r e  t h e  p l u g g i n g  o f  a b a n d o n e d  w e l l s .  i  
I t  i s  l i k e l y  t h a t  a  l e s s  e x p e n s i v e  m e t h o d  f o r  s e a l i n g  o u t  u n w a n t e d  
w a t e r  t h a n  g r o u t e d - i n  s t e e l  c a s i n g  c o u l d  b e  d e v e l o p e d .  S i n c e  a  s e p a r a t e  
i n n e r  p i p e  o f  s m a l l  d i a m e t e r  a t t a c h e d  t o  t h e  s u b m e r s e d  p u m p  c o n d u c t s  
t h e  w a t e r  t o  s u r f a c e ,  t h e  o u t e r  c a s i n g  s e r v e s  m a i n l y  a s  a  s e a l  f o r  
u n w a n t e d  w a t e r .  I t  m a y  b e  p o s s i b l e  t o  r e p l a c e  s t e e l  c a s i n g  w i t h  a  
r e m o v a b l e  p l u g  i n  s i t u a t i o n s  w h e r e  c a s i n g  i s  n o t  r e q u i r e d  f o r  s t r u c t u r a l  
s u p p o r t .  T h e  e x p a n d a b l e  c l a y  b e n t o n i t e  m a y  s h o w  p r o m i s e  a s  o n e  
i n g r e d i e n t  f o r  a  p l u g ,  a s  i t  i s  p l a s t i c  a n d  i m p e r v i o u s  t o  w a t e r .  A l s o  i t  
c o u l d  b e  s l u r r i e d  o r  d r i l l e d  o u t  e a s i l y  w h e n  r e p a i r s  a r e  r e q u i r e d  o n  t h e  
s u b m e r s e d  p u m p .  
L a n a  U s a g e  i s  a  F a c t o r  i n  G r o u n d  W a t e r  Q u a l i t y  
U n f o r t u n a t e l y ,  p r o p e r  w e l l  c o n s t r u c t i o n  i s  n o t  t h e  c o m p l e t e  a n s w e r  
t o  t h e  p r o b l e m  o f  w h a t  m u s t  b e  d o n e  t o  p r o t e c t  o u r  d e e p  a q u i f e r s  f r o m  
c o n t a m i n a t i o n .  W h e n  w a t e r  i s  d r a w n  f r o m  a  d e e p  a q u i f e r  t h e  r e c h a r g e  
w i l l  c o n t a i n  a n y  s o l u b l e ,  n o n - d e g r a d e a b l e  p o l l u t a n t s  c o n t a i n e d  i n  t h e  
o v e r l y i n g  a q u i f e r .  T h e  t y p e  a n d  q u a n t i t y  o f  p o l l u t a n t s  w h i c h  g a i n  
e n t r a n c e  t o  g r o u n d  w a t e r  i s  a  r e f l e c t i o n  o f  t h e  o v e r l y i n g  l a n d  u s a g e .  
W e  m u s t  r e g u l a t e  o u r  l a n d  u s a g e  s o  t h a t  t h e  l e v e l s  o f  n i t r a t e s  a n d  
o t h e r  s o l u b l e  n o n - d e g r a d e a b l e  p o l l u t a n t s  o f  o u r  g r o u n d  w a t e r  r e m a i n  a t  
l e v e l s  c o m p a t i b l e  w i t h  o u r  w a t e r  n e e d s .  A t t e n t i o n  s h o u l d  b e  f o c u s e d  o n  
t h e  d e v e l o p m e n t  o f  m o r e  e f f e c t i v e  m e a n s  f o r  t h e  h a n d l i n g  o f  h i g h l y  
c o n c e n t r a t e d  s o u r c e s  o f  n i t r a t e  s u c h  a s  d o m e s t i c  s e w a g e  a n d  h i g h l y  
c o n c e n t r a t e d  s o u r c e s  o f  m a n u r e  s u c h  a s  f e e d l o t s .  
W e  h a v e  n o t e d  t h a t  a  c o r r e l a t i o n  e x i s t s  b e t w e e n  t h e  p r o x i m i t y  t o  t h e  
b a r n y a r d  a n d  t h e  l e v e l  o f  n i t r a t e  i n  w e l l  w a t e r .  W e  a l s o  f o u n d  a  
c o n c e n t r a t i o n  o f  n i t r a t e  o f  4 4 0  m g / I  i n  t h e  d i s c h a r g e  f r o m  a  s e p t i c  t a n k  
s e w e r  s y s t e m .  M c M u l l e n  (  1 9 7 2 )  a n a l y z e d  r u n o f f  w a t e r  q u a l i t y  a n d  i t s  
r e l a t i o n s h i p  t o  t h e  w a t e r  q u a l i t y  o f  t h e  U p p e r  I o w a  R i v e r .  H e  f o u n d  t h a t  
n i t r o g e n  c o m p o u n d s  a n d  b a c t e r i a l  p o p u l a t i o n s  i n c r e a s e d  w i t h  r a i n  
w a t e r  r u n o f f .  K l e m m e  (  1 9 7 2 )  r e p o r t e d  t h a t  c o n c e n t r a t i o n s  i n  t h e  U p p e r  
I o w a  R i v e r  d u r i n g  t h e  s u m m e r  a v e r a g e d  2 . 2  m g / I  o f  n i t r a t e  b u t  r o s e  t o  
a s  h i g h  a s  2 6  m g / I  f o l l o w i n g  a  h e a v y  r a i n .  W e  c h e c k e d  t h e  n i t r a t e  
c o n c e n t r a t i o n  i n  t h e  o u t  f l o w  f r o m  t h e  d r a i n  t i l e s  o f  t w o  c o r n  f i e l d s  
d u r i n g  t h e  s p r i n g  m e l t  o f  1 9 7 3 .  T h e  n i t r a t e  c o n c e n t r a t i o n s  r a n g e d  
b e t w e e n  3 . 9  a n d  1 6 . 7  m g / I .  
F e r t i l i z e r  a p p l i c a t i o n  t o  c r o p l a n d  a p p a r e n t l y  d o e s  n o t  a c c o u n t  f o r  t h e  
e x c e s s i v e l y  h i g h  c o n c e n t r a t i o n s  o f  n i t r a t e  w h i c h  a r e  f o u n d  i n  s o m e  
w e l l s  i n  n o r t h e a s t e r n  I o w a .  R a t h e r  i t  a p p e a r s  t h a t  t h e  o b j e c t i o n a b l e  h i g h  
c o n c e n t r a t i o n s  o f  n i t r a t e  r e s u l t  f r o m  l o c a l i z e d  h i g h l y  c o n c e n t r a t e d  
s o u r c e s  s u c h  a s  b a r n y a r d ,  f e e d l o t s  a n d  d o m e s t i c  s e w a g e .  P r o p e r  
m a n a g e m e n t  o f  t h e s e  c o n c e n t r a t e d  s o u r c e s  o f  w a s t e  i s  e s s e n t i a l  f o r  t h e  
p r e s e r v a t i o n  o f  o u r  g r o u n d  w a t e r  q u a l i t y .  T h e  t r e n d  t o w a r d  l a r g e r  
f e e d l o t s  a n d  u r b a n  d e v e l o p m e n t  i s  c r e a t i n g  l o c a l i z e d  h i g h  
c o n c e n t r a t i o n s  o f  n i t r a t e s  a n d  i n c r e a s e d  u s a g e  o f  d e e p e r  a q u i f e r s .  
T o g e t h e r ,  t h e s e  f a c t o r s  d i c t a t e  a n  u r g e n t  n e e d  f o r  c o n t i n u e d  u p d a t i n g  o f  
o u r  s t a t e  w a s t e  m a n a g e m e n t  p r o g r a m .  
T h e  E f f e c t  o f  C o n t a m i n a t e d  W a t e r  o n  H u m a n  H e a l t h  
T h e  e f f e c t  o n  h u m a n  h e a l t h  o f  h i g h  n i t r a t e  c o n c e n t r a t i o n  a n d  e n t e r i c  
b a c t e r i a  i n  d r i n k i n g  w a t e r  i s  d i f f i c u l t  t o  e v a l u a t e .  A r e a  p h y s i c i a n s  a n d  
v e t e r i n a r i a n s  r e p o r t  o c c a s i o n a l  n i t r a t e  t o x i c i t i e s  a n d  b a c t e r i a l  i n f e c t i o n s  
i n  h u m a n  a n d  l i v e s t o c k  p o p u l a t i o n s  w h i c h  a r e  d i r e c t l y  a t t r i b u t a b l e  t o  
t h e  d r i n k i n g  w a t e r  s u p p l y .  T h e r e  i s ,  h o w e v e r ,  n o  m e a s u r e m e n t  o f  
c h r o n i c  i l l  h e a l t h  d u e  t o  c o n t a m i n a t e d  w a t e r .  E q u a l l y  d i f f i c u l t  t o  
m e a s u r e  i s  t h e  e c o n o m i c  l o s s  d u e  t o  t h e  s t r e s s  i n c u r r e d  b y  l i v e s t o c k  
w h i c h  d r i n k  p o l l u t e d  w a t e r .  
W e  w e r e  m a d e  a w a r e  o f  t w o  i n s t a n c e s  w h e r e  t h e  w e l l s  w h i c h  w e  
.  t e s t e d  w e r e  b e l i e v e d  t o  b e  t h e  s o u r c e  o f  S a l m o n e l l a - S h i g e l l a  t y p e  
i n f e c t i o n s  s e v e r e  e n o u g h  t o  r e q u i r e  h o s p i t a l i z a t i o n .  W e  d i d  a t t e m p t  a  
b i o c h e m i c a l  c h a r a c t e r i z a t i o n  o f  t h e  e n t e r i c  b a c t e r i a  i n  o n e  o f  t w o  
s u s p e c t e d  w e l l s .  A n  i s o l a t e  f r o m  t h e  w e l l  c h a r a c t e r i z e d  a s  S a l m o n e l l a  
o n  t h e  l n o l e x  s y s t e m .  T h e  w e l l  w a s  u s e d  m a i n l y  f o r  w a t e r i n g  l i v e s t o c k ;  
h o w e v e r ,  t h e  f a r m h a n d  w h o  w a s  h o s p i t a l i z e d  h a d  u s e d  t h e  w e l l  a s  a  
s o u r c e  o f  d r i n k i n g  w a t e r .  T h e  a t t e n d i n g  p h y s i c i a n  r e p o r t e d  t h a t  t h e  
c a u s a t i v e  a g e n t  o f  t h e  i n f e c t i o n  c h a r a c t e r i z e d  s i m i l a r  t o  t h e  o r g a n i s m s  
w h i c h  w e  i s o l a t e d  f r o m  t h e  w e l l  w a t e r .  
A  P r o p o s e d  G u i d e l i n e  f o r  W e l l  C o n s t r u c t i o n  a n d  W e l l  A b a n d o n m e n t  
T h e  f o l l o w i n g  i s  a  g u i d e l i n e  f o r  w e l l  c o n s t r u c t i o n  t h a t  i f  r e q u i r e d  i n  
n o r t h e a s t e r n  I o w a  a n d  e l s e w h e r e  i n  t h e  s t a t e  w h e r e  s i m i l a r  g e o l o g i c  
c o n d i t i o n s  e x i s t  w o u l d  r e p r e s e n t  a  m a j o r  s t e p  t o w a r d  t h e  p r e s e r v a t i o n  o f  
t h e  q u a l i t y  o f  o u r  g r o u n d - w a t e r  s u p p l y .  F o r  c o n t i n u e d  d e v e l o p m e n t  o f  a  
g r o u n d - w a t e r  m a n a g e m e n t  p o l i c y  i n  I o w a  a d d i t i o n a l  s t u d i e s  o f  w e l l  
w a t e r  q u a l i t y  s h o u l d  b e  c o n d u c t e d  i n  o t h e r  r e g i o n s  o f  t h e  s t a t e .  
D i f f e r e n t  w e l l  c o n s t r u c t i o n  m a y  b e  r e q u i r e d  f r o m  o n e  a r e a  t o  a n o t h e r  a s  
g e o l o g i c  a n d  a q u i f e r  c o n d i t i o n s  v a r y .  
E x c e p t  w h e r e  7 5  f e e t  o r  m o r e  o f  u n c o n s o l i d a t e d  m a t e r i a l s  o v e r l i e s  
l i m e s t o n e ,  t h e  w a t e r  i n  l i m e s t o n e  a q u i f e r s  u s u a l l y  s h o w s  e v i d e n c e  o f  
c o n t a m i n a t i o n  f r o m  s u r f a c e  w a t e r ,  n o t a b l y  e l e v a t e d  n i t r a t e s .  S i n c e  
m a n y  o f  I o w a ' s  s a n d s t o n e  a q u i f e r s  a r e  o v e r l a i n  b y  s o l u b l e  l i m e s t o n e ,  
l e g i s l a t i o n  i s  n e e d e d  t o  p r o t e c t  t h e  v a s t  w a t e r  r e s o u r c e  o f  o u r  d e e p  
a q u i f e r s .  
T h e  g u i d e l i n e :  
A .  W e l l  c o n s t r u c t i o n :  A l l  n e w  w e l l s  t e r m i n a t i n g  i n  s a n d s t o n e  
o v e r l a i n  b y  l i m e s t o n e  a n d  n o t  c o v e r e d  b y  a  m i n i m u m  o f  7 5  f e e t  o f  
g l a c i a l  d r i f t  c l a y  o r  c o n s o l i d a t e d  s h a l e  r o c k  s h a l l  b e  c a s e d  a n d  p r e s s u r e  
g r o u t e d  w i t h  c e m e n t  i n t o  t h e  u p p e r  p a r t  o f  t h e  s a n d s t o n e .  W e l l  
c o n s t r u c t i o n  t o  a c c o m p l i s h  t h i s  s e a l i n g  s h a l l  b e  a s  f o l l o w s : *  
a .  A  m i n i m u m  8  i n c h  c a s i n g  s h a l l  b e  i n s t a l l e d  t h r o u g h  
u n c o n s o l i d a t e d  m a t e r i a l s  a n d  s h a l l  b e  d r i v e n  t o  r e f u s a l  i n t o  
t h e  u p p e r m o s t  r o c k  f o r m a t i o n .  
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Figure 6. Shale separating Limestone and Sandstone . 
b . An open hole of the same nominal size as the casing through 
the drift shall be drilled through the creviced limestone 
formations and at least 15 feet into a firm portion of the 
underlying sandstone formation. 
c . A welded liner casing at least 4 inches smaller in diameter 
than the casing through the drift shall be installed from the 
surface to the upper portion of the sandstone. An uncased 
hole of the same diameter as the liner shall be extended 
deeply into the sandstone, preferably the full thickness of the 
sandstone . 
d . The annular space between the liner and the open hole and 
between the liner and the outside drift casing shall be filled 
with cement grout. The grout shall be introduced at the 
bottom of the liner and forced upward . 
e. Grout is a thin mortar consisting of portland cement and 
water or portland cement, sand and water in the following 
proportions: 
I . One sack cement to 4 'h to 5 'h gallons of water. 
2. One part cement , one part clean sand, and 4'h to 6 gallons 
water. This sand grout shall be used only where abnormal 
loss of grout to crevices or faults occurs . Additives to the 
mixture of 5% by weight of suitable materials may be 
used . 
B. Abandoned Wells : Any well found to be contaminated beyond 
reclamation or any well the use of which is to be permanently 
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d i s c o n t i n u e d ,  s h a l l  b e  f i l l e d  w i t h  p u d d l e d  c l a y  o r  c o n c r e t e  t h r o u g h o u t  
t h e i r  e n t i r e  d e p t h ,  o r  f i l l e d  w i t h  c l a y  a n d  t a m p e d .  I t  i s  r e c o m m e n d e d  t h e  
W e l l  D r i l l e r  p r e f o r m  t h e  s e r v i c e  o f  c l o s i n g  a n d  s e a l i n g  t h e  o l d  w e l l  
u p o n  c o m p l e t i o n  o f  t h e  n e w  w e l l  i f  t h e  o l d  w e l l  i s  t o  b e  a b a n d o n e d .  
* T h e  p r o p o s e d  s p e c i f i c a t i o n s  f o r  w e l l  c o n s t r u c t i o n  a r e  t h o s e  e m p l o y e d  i n  
O l m s t e d  C o u n t y ,  M i n n e s o t a  
R E F E R E N C E S  
A m e r i c a n  P u b l i c  H e a l t h  A s s o c i a t i o n .  1 9 7 1 .  S t a n d a r d  M e t h o d s  o f  t h e  E x a m i -
n a t i o n  o f  W a t e r  a n d  W a s t e w a t e r .  1 3 t h  E d . ,  A m e r .  P u b .  H e a l t h  A s s n . ,  
N e w  Y o r k ,  p .  6 7 8 - 6 8 5 ,  2 3 4 - 2 3 9 .  
B O S C H ,  H .  M . ,  A .  B .  R O S E N F I E L D ,  R .  H U S T O N ,  H . R .  S H I P M A N ,  a n d  
R .  L .  W O O D W A R D .  1 9 5 0 .  M e t h e m o g l o b i n e m i a  a n d  M i n n e s o t a  w e l l  
s u p p l i e s .  J .  A m e r .  W a t e r  W o r k s  4 2 : 1 6 1 - 1 7 0 .  
C A R L S O N ,  D .  J .  a n d  F .  L .  S H A R P I R O .  1 9 7 0 .  M e t h e m o g l o b i n e m i a  f r o m  
w e l l  w a t e r  n i t r a t e s :  a  c o m p l i c a t i o n  o f  h o m e  d i a l y s i s .  A n n .  I n t .  M e d .  
7 3 : 7 5 7 - 7 5 9 .  
C O M L Y ,  H .  H .  1 9 4 5 .  C y a n o s i s  i n  i n f a n t s  c a u s e d  b y  n i t r a t e s  i n  w e l l  w a t e r .  
J .  A m e r .  M e d .  A s s o c .  1 2 9 : 1 1 2 - 1 1 6 .  
D O N A H O E ,  W .  E .  1 9 4 9 .  C y a n o s i s  i n  i n f a n t s  w i t h  n i t r a t e s  i n  d r i n k i n g  w a t e r  
a s  c a u s e .  P e d i a t .  3 : 3 0 8 - 3 1 1 .  
G E L P E R I N ,  A .  G . ,  E .  E .  J A C O B S ,  a n d  L .  S .  K L E T K E .  1 9 7 1 .  D e v e l o p -
m e n t  o f  m e t h e m o g l o b i n  i n  m o t h e r s  a n d  n e w b o r n  i n f a n t s  f r o m  n i t r a t e  i n  
t h e  w a t e r  s u p p l i e s .  I l l .  M e d .  J .  1 4 0 : 4 2 - 4 4 .  
H E R S H E Y ,  H .  G .  1 9 7 0 .  M a n a g e m e n t  o f  I o w a  r e s o u r c e s .  I n :  H o r i c k ,  P .  J .  
e d .  W a t e r  R e s o u r c e s  o f  I o w a .  ( S y m p o s i u m  s p o n s o r e d  b y  t h e  I o w a  
A c a d e m y  o f  S c i e n c e  1 9 6 9 ) ,  U n i v e r s i t y  o f  I o w a  P r i n t i n g  S e r v i c e .  p .  1 2 3 -
1 5 7 .  
H O I L I E N ,  G .  1 9 6 8 .  P e r s o n a l  C o m m u n i c a t i o n .  
K L E M M E ,  M .  H .  e t  a l  1 9 7 2 .  W a t e r  Q u a l i t y  o f  t h e  U p p e r  I o w a  R i v e r  
W a t e r s h e d .  ( G r a n t  N o .  G Y 9 5 8 7 )  I n :  H i l l ,  B .  F . ,  e d .  A b s t r a c t  r e p o r t s  
( S t u d e n t  O r i g i n a t e d  S t u d i e s  P r o j e c t s  1 9 7 2 )  p .  3 6 9 - 3 7 2 .  N a t i o n a l  S c i e n c e  
F o u n d a t i o n ,  W a s h i n g t o n ,  D . C .  
L E W I C K E ,  C .  1 9 7 2 .  G r o u n d - w a t e r  p o l l u t i o n  a n d  c o n s e r v a t i o n .  E n v .  S c i .  
a n d  T e c h .  6 : 2 1 3 - 2 1 5 .  
M A C K ,  L .  1 9 7 1 .  G r o u n d  W a t e r  M a n a g e m e n t .  N a t i o n a l  W a t e r  C o m m i s s i o n ,  
N R I S  o r d e r  N o .  X C - 2 0 1 - 5 3 6 .  
M c M U L L E N ,  L .  D .  1 9 7 2 .  W a t e r  q u a l i t y  s t u d y  o f  t h e  U p p e r  I o w a  R i v e r .  M .  
S .  T h e s i s ,  U n i v e r s i t y  o f  I o w a ,  I o w a  C i t y .  
P O B L E T E ,  W .  P .  1 9 7 2 .  S a n i t a t i o n  o f  u n d e r g r o u n d  w a t e r  s u p p l i e s  i n  O l m -
s t e d  C o u n t y .  U n p u b l i s h e d  r e p o r t  t o  t h e  O l m s t e d  C o u n t y  E n v i r o n m e n t a l  
Q u a l i t y  C o m m i t t e e .  
U . S .  P u b l i c  H e a l t h  S e r v i c e .  1 9 6 2 .  D r i n k i n g  W a t e r  S t a n d a r d s .  D e p a r t m e n t  o f  
H e a l t h ,  E d u c a t i o n  a n d  W e l f a r e ,  P u b ! .  N o .  9 5 6 ,  U . S .  G o v t .  P r i n t i n g  O f -
f i c e ,  W a s h i n g t o n ,  D . C .  
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